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The possible quantum state of wormholes or little baby universes should be described by a nonfactor-
izable density matrix given by the path integral over the class of asymptotically flat four-geometries and
asymptotically vanishing matter-field configurations which suitably match the prescribed data on three-
surfaces which do not divide the manifold on the inner boundary. An instanton is here obtained which
can represent such a nonsimply connected wormhole manifold, and is used to evaluate the asymptotic
effective interaction of the resulting correlated baby universes with ordinary quantum fields at low ener-
gies in the Fock representation. It is argued that the demand of locality on the interacting quantum field
commutators is no longer valid for correlated baby universes, and it is therefore concluded that quantum
coherence in the matter-field sector is lost as a consequence of the interaction with nonsimply connected
wormholes. A proposal is advanced that wormholes may provide us with a complementary quantum
state sector that would induce the collapse of the state vector in the quantum measurement of any ob-
servable for ordinary microscopic matter systems.
PACS number(s): 04.60.+n, 03.65.Bz, 04.20.Jb
I. INTRODUCTION
In the last fifteen years or so there has been some de-
bate concerning whether quantum gravity will induce a
breakdown of predictability in the underlying quantum
description of ordinary matter fields [1—6,9—11]. The sub-
ject is of the utmost interest both in physics and philoso-
phy, for, if eventually the controversy were finally decid-
ed in favor of a corresponding loss of quantum coher-
ence, then it is currently believed that our physical
theories could not predict anything, or, in other words,
there would not be any possible actual representation of
the physical world.
To make the issue clear enough from the beginning,
one should state all at once what exactly is meant by a
loss of quantum coherence in the present context. Essen-
tially, it simply describes the evolution of an initially pure
state in the ordinary rnatter-field sector into a mixed
state, this change being induced exclusively by the
effective interaction of the matter fields with some other-
wise inobservable nontrivial gravitational instantons. It
is worth noticing that this kind of interaction has nothing
to do with any conventional interaction between matter
fields, or nonlinear quantum-optical causes.
The idea was first advanced by Hawking [1] who real-
ized that in non-Minkowskian spacetimes any correlation
between two given systems is irretrievably lost when one
of them gets beyond the horizon of the other. The impli-
cations of this idea prompted vigorous opposition, mainly
on the part of Gross who argued [3] that this would ulti-
mately lead to a breakdown of unitary evolution in quan-
tum mechanics. More recently, however, Hawking
presented new arguments for the loss of quantum coher-
ence by using wormholes [4,5], rather than simply con-
nected spacetimes. Quite at the same time, Lavrelashvili,
Rubakov, and Tinyakov [6], made a similar proposal.
A wormhole is usually given as an instanton and
represents a tunneling between an initial state which is
just flat space, and a final state representing flat space
plus a baby universe (typically a very little closed
universe) which branches off from the asymptotic flat re-
gion. This process may only occur in Euclidean gravity,
and gives rise to a change in the topology [7].
Throughout this paper, we will be referring to baby
universes which connect two otherwise disconnected
large flat regions of spacetime. A wormhole end will al-
ways insert only at one point in the large regions, but the
wormhole manifold itself may have any topology. When
it is in a pure state, representable by a wave function [4),
the wormhole topology has to be simply connected; if, in
turn, it is in a mixed state describable only by a density
matrix [8], the wormhole topology will be multiply con-
nected.
However, once again and apparently in quite a
definitive way this time, Coleman and Giddings and
Strominger [9], and others [10] argued that the produc-
tion of baby universes does not lead to any loss of quan-
tum coherence in the matter-field sector. By demanding
locality in the parent universe, Coleman was able to show
that, when performing a large number of experiments,
the initial family wave function collapses into a certain
state which remains invariant throughout the interaction
with baby universes. Hawking and Laflamme [11] ela-
borated on this a little bit further.
Unruh has recently stressed [12] that if we identified
two baby universes connected to the large region by a
wormhole instanton, then the resulting spacetime still is a
solution to the classical equations. Thus, such a solution
connected two different points in the four-geometry by a
handle on the large spacetime and led to a highly nonlo-
cal effective action, violently unbounded from below,
which, in addition to showing a loss of quantum coher-
ence, destroyed the Euclidean quantum theory. (The in-
stability would be much more severe than the usual con-
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formal instability of the quantized Euclidean action [13].)
In this work, we shall show that the nonlocal effects
which are responsible for the loss of quantum coherence
ought to be related to the contribution of wormholes with
multiply connected topologies, which allow no further in-
stabilities in the Euclidean quantum theory, rather than
the kind of processes considered by Unruh.
The outline of the work is as follows. In Sec. II we dis-
cuss the quantum state of wormholes. It is argued that
such a state must be given by a nonfactorizable density
matrix, rather than a proper wave function. We discuss
also a Euclidean solution for the case of two massless sca-
lar fields coupled to Hilbert-Einstein gravity, which can
represent a doubly connected wormhole manifold. Sec-
tion III deals with the effective vertex corresponding to
the interaction of a scalar matter field with baby
universes which are produced or destroyed, two at a time.
An approximate expression for the baby-universe interac-
tion operator is obtained. A discussion on the locality re-
quirements is given in Sec. IV. It is shown that the
demand of locality can no longer hold on operators of the
two sectors separately when the wormhole is doubly con-
nected. Using counterarguments to Coleman's we show
then that wormholes induce an irretrievable loss of quan-
tum coherence in the matter sector of the theory. Final-
ly, a brief discussion of the results is included in Sec. V.
This section also includes the new suggestion that
worrnholes may provide a complementary quantum-state
gravitational sector which is responsible for the reduction
of the quantum-state vector of ordinary rnatter during its
nonunitary evolution induced by measurement.
Throughout this work, we shall use units so that
fi=c =6 =1.
II. THE STATISTICAL STATE OF WORMHOLES
The quantum state of wormholes has been described
[4] by a wave function which is a functional of the metric
and matter-field configurations on a given three-sphere S
which divides the four-manifold M into two disconnected
parts M+ and M . In this case, the probability for a
given three-geometry and matter-field configuration,
P [h;, Po), factorizes into two wave functions
wormhole would be in a pure quantum state and the to-
pology of manifold M is simply connected. (We consider
the asymptotically flat regions connected by the
wormhole tube to be otherwise disconnected from each
other. )
More recently, it has been proposed [8] however, that
the most general probability P [h,",Po] for wormholes
should not generally factorize, so that the quantum state
of wormholes would be represented by a density matrix p,
rather than a wave function +. Then, the wormhole
would be in a mixed state. The proposal is made precise
by giving the path integral
p =N f dg„,d Pe (2.3)
where the integral is over the class C of asymptotically
flat four-geometries and asymptotically vanishing
matter-field configurations which rnatch the prescribed
data [h;J, 1I)o] on its three-surface S, and the orientation
reverse of [h 'J, po] on its three-manifold S', S and S' to-
gether forming the boundary of each four-geometry in
the path integral. Thus, (2.3) should be interpreted as
describing the actual statistical quantum state of a single
wormhole.
The mixed state given by (2.3) will correspond to a
wormhole manifold M which is nonsirnply connected.
One of such rnanifolds can be represented by an instanton
obtained by simultaneously coupling a minimal massless
scalar field y and a conforrnally invariant massless scalar
field 11) to Hilbert-Einstein gravity. For a Robertson-
Walker minisuperspace, the resulting Euclidean action is
1 I2 &2 ~2I=—f drJN a + + +y — —a =fdrJNI. ,2 Q2 N2 N2
a2~~ —1g y2 ~&2 —R2 (2.5)
(2.4}
where rJ= Jd r/aa prime denotes d/di), a is the scalar
factor, N is the lapse function, and y =a P. From the
equations of motion for a, p, and y, we obtain (in the
gauge N = 1)
P [h;,, (tol =++[h;J,eo)P —["J, (t'0] (2.1) a"=a — —f (a,K),4a (2.6)
where 4+ and 4 are given by the path integral over all
metrics and rnatter fields on M+ and M, respectively.
If the matter fields involved are CP invariant, then one
has a proper wave function
with E and Ro being integration constants.
The solution to (2.5) and (2.6} and the Hamiltonian
constraint are
e[h,, yo)=e+[h, J yo]=e [h,J,go]- a( ) —( 1 )1/2[g 2+(g 4 It 2)1/2 h2 )1/2 (2.7)
=N f dg„„dye '(""",C (2.2) Solutions a+ and a lie in the two disconnected, clas-sically allowed regions for which the potential
where N is a normalization factor and I denotes Euclide-
an action.
The path integral in (2.2) is over the class C of Euclide-
an four-geometries which are asymptotically flat and
have an inner boundary S with topology S and metric
h, , and over rnatter-field configurations which are zero at
infinity and match the given values of Po on S. Thus, the
V= —a + —Ro1 4a
(2.8)
is negative. It is only a+ which can be thought of as giv-
ing the metric of a wormhole, a is a singular solution
confined to be ~ a (0), and hence the isotropic manifold
provided with a metric given by a is disconnected from
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the wormhole manifold and thereby from the two asymp-
totically flat regions, for any given allowed values of R o
and E. For E =0, a+ =Ra cosh' and a =iRO sinhg, so
that there is no real disconnected region, and the two
asymptotically flat regions are simply connected to
each other [7]. However, for KXO, the values taken
by a along the conformal time interval (0, rlo
=arccosh[(1 —K /Ro) ' ]) are nonzero and real, in-
ducing the appearance of a real nonzero disconnected re-
gion inside the wormhole manifold. Hence, the wormhole
anifold will be doubly connected for EAO. (See Fig. 1
for a two-dimensional pictorial representation of that
manifold. ) More complicated multiply connected
wormhole topologies can be obtained, e.g., by using grav-
ity theories containing higher-derivative terms [14].
Baby universes are leaked off at the two necks around
the minima +(K/2)'~ as solutions of the corresponding
Lorentzian equations of motion. Such solutions represent
tunneling [15] between the two otherwise disconnected,
classically allowed regions described by the Euclidean
solutions.
Throughout this paper we shall use this instanton to
represent a doubly connected wormhole manifold. Con-
cerning such a manifold, a point is worth emphasizing.
The two inner three-manifolds at g=0 are correlated. In
fact, it can be seen that the single-time covariance of fluc-
tuations of the scale factor at the two equilibria points
obtained from potential V is unity [16]. This can be inter-
preted by considering that, since wormholes are space-
time fluctuations, if the correlation between the two dis-
joint three-rnanifolds disappeared, it took with it the dou-
bly connectedness of the manifold, leaving it simply con-
nected. Now, the existence of this coherence effect
should induce a decrease of the entropy for the whole sys-
tern. This means that some information about the baby-
universe system as a whole became available to observers
in the asymptotic regions. Or in other words, baby
universes would no longer be disconnected from the
asymptotic regions and, therefore, the two disjoint inner
three-manifolds could no longer divide the four-manifold
into two parts. Thus, the state of the wormhole
configuration pictured in Fig. 1 must be given by a non-
factorizable density matrix rather than a wave function.
The existence of correlations on the inner three-
rnanifold leads to a topological consequence of interest to
the issue of a possible loss of quantum coherence. It fol-
lows that, whereas for simply connected worrnholes, the
insertion point xo on the flat region maps to a unique
point along the entire four-manifold, for a doubly con-
nected wormhole, the end point xo on the flat region is
mapped to a pair of spacelike separated points on the
inner three-manifold, the proper separation distance be-
ing (2K)'~ .
III. THE BABY-UNIVERSE INTERACTION OPERATOR
The quantum state of a wormhole given by a wave
function is certainly an incomplete state. Because an ob-
server in the asymptotic region does not know anything
about the values of h;~ and $0 on the three-surface S, in
order for defining an actual quantum state of wormholes
one should integrate the path integral (2.1) over h;. and
This would leave a quantum state given by a func-
tional with no argument, or in other words, a probability
for nothing. However, the state given by a density matrix
(2.3) will make a suitable quantum state for wormholes
as, in this case, there always exists an observational con-
nection between the baby-universe space-time sector and
the main large nearly fiat regions induced by the above-
discussed correlations between the two inner three-
manifolds. In any event, the states given both by (2.1)
and (2.3) have still a clear operational meaning: Instead
of worrying about the quantum state for an isolated
noninteracting wormhole, one is usually rather interested
in calculating the effects of wormholes on ordinary
matter at low energies by using either a factorized
Green's function
&Olp(x, ) . &(x„)l% ),
in the case of simply connected wormholes [4], or a full
Green's function
«ly(x&) . y(x, )lplk(yi) . . $(y, )IO&,
FIG. 1. Schematic representation of a doubly connected
wormhole. Values of Ro and E are very close to each other, but
still satisfying Ro)E'. At the limit K~RO no baby universe
can be produced, and the two large regions become disconnect-
ed.
for multiply connected wormholes [8] (here, typically, the
P's are conformally invariant scalar particles) which is
given by a path integral where the required integrations
have been included. For the second case, the propagator
can be written
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f d [It J. ]d [po]d [It j)d [(t)o]pI d[g „]d[p]p(xi ) ' p(z„)p(y)) ' p(y„)e (3.1)
The Green's function (3.1) was evaluated in Ref. [8]
and produced bilocal interactions proportional to
xp d x()
x x x2 xp p) xp p2 xp
(3.2)
just as for the case in which we use a wave function [4].
The integrations over the positions xp and xp in the
two asymptotic regions should ensure conservation of en-
ergy on both flat regions. Although this will be rigorous-
ly true for wave functions (p (because in this case baby
universes are closed universes with zero energy and
momentum), for the case of the density matrix p, energy
conservation applies to the joint system formed by the
flat regions plus the baby universes, but not necessarily to
either of the two subsystems separately. One should ex-
pect that, as in the case of the density matrix, the total
energy and momentum of the baby universes are no
longer zero. Here, the wormhole need not be in shell in
the sense that the Wheeler-DeWitt operator acting on p
is no longer zero [8]. (For instance, for the wormhole
manifold considered in Sec. III, the total energy of the in-
volved baby universes ought to be proportional to param-
eter I(:.) Hence, the Gell-Mann —Low formula, which is
perfectly applicable in the case of simply connected
worrnholes and leads to an effective interaction Hamil-
tonian term
QH;(P)(a; +a, ) (3.3)
(where the discrete index i collectively labels the types of
baby universes, the H s are matter-field interaction Ham-
iltonian terms, and the a, 's are Fock operators for the
baby universes) can no longer be used for nonsimply con-
nected worrnholes.
The baby-universe interaction operators A; for a
doubly connected wormhole, which played the role of the
operator A; =a, +a; in (3.3) will be obtained here using
a combinatorics which parallels that used by Coleman
[9],unless for the distinguishing feature that now we have
two correlated identical baby universes per wormhole
end. This analysis leads to a sum over doubly connected
wormholes given by
mi (n n, ))netp /2[(2 )1(2 )1]1/2p" I 2
,
—s
(n, —r)!(n2 r)!(2r)!—
(3.4)
gDC g(2) p( f2+ 2) 2p2( f + 1) (3.6)
In fact,
—P2/2(2
~
tt(at +a —2Pata)~2n )n2 e n&
=e+ (2n2~e~' e~'
~2nt),
=(3.4), (3.7)
where we have assumed all the baby universes to be iden-
tical.
Equation (3.6) can be thought of as accounting for a
nonlinear process by which, superimposed to independent
baby-universe creation and annihilation in pairs, there is
a mechanism which, starting from the initial three-
geometry, first creates two baby universes, then destroys
them to end at the final three-geometry. For the pur-
poses of the present work, it will suffice nevertheless
keeping things as simple as possible, so that we shall re-
strict to first order in p; i.e., we take for the baby-universe
interaction operator the simple combination
g Dc /1 (1)—p(at2+a2) (3.8)
which accounts for the most elementary doubly connect-
ed wormhole interaction process by which baby universes
are created and destroyed in pairs.
Thus, if P denotes the background fields, the effective
Lagrange density for quantum fields at low energy in-
duced by interaction with doubly connected wormholes
takes the form
volved in the simplest interaction process for doubly con-
nected wormholes, one cannot have an exact expression
for the baby-universe interaction operator. The Baker-
Campbell-Hausdor8' formula for two operators 0& and0) 02 0) +0~ [0),02]/202, e e =e e ', is rigorously applicable if
and only if [Oi, [01,02]]=[02,[01,02]]=0. This is
not obviously the case for squared Fock operators. How-
ever, approximate expressions for A,. can still be de-
rived due to the smallness of the interaction (i.e., p«1).
At second order in P, the baby-universe interaction
operator becomes
where n, and n2 denote the number of baby-universe
pairs in the initial and final state, respectively, and
P= Ce V4, (3.5)
in which C is some constant, Sp is the action of a
semiwormhole, and [9] V4 =f~d x g '/ .
Because two baby universes are simultaneously in-
L =Lo(P)+g L;((t))(a,. +a; ), (3.9)
where L and Lp are, as in the simply connected
wormhole case, local functions of the background fields
and their derivatives, and the L s are matter interaction
Lagrangian terms which are also functions of the same
arguments as for L and Lp, but, contrary to the simply
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connected case, generally have a nonlocal character, as
will be shown shortly. Here, the type of baby universe
characterized by i contains also the mutual position be-
tween the two baby universes forming a pair, on the inner
boundary three-manifold; i.e., the Fock operators for
baby universes are no longer independent of spacelike
separations on the boundary three-manifold of a doubly
connected wormhole. This is a consequence of the fact
that correlated baby universes have a nonzero energy and
momentum. It follows that, owing to the existing
effective connection between these baby universes and the
main spacetime, though such baby universes are no more
at one location that at any other relative to the large re-
gion, their state will depend on their spacelike separation.
Of course, it will be independent of the position of the
center of mass of the involved baby-universe pair.
IV. TOPOLOGICAL BREAKDOWN OF LOCALITY
Considering a simply connected wormhole topology is
an unnecessary and restrictive simplification. Actually,
an observer in the asymptotic region does not know any-
thing about the number of components which are re-
quired to divide the four-manifold, so that if one wants to
formulate the quantum state of wormholes by a path in-
tegral, one should include contributions from all possible
wormhole topologies. Thus, the most general representa-
tion of the quantum state of a wormhole will be a density
matrix rather than a wave function. I shall restrict my-
self here to the contribution from a doubly connected
wormhole configuration. It is expected that multiply
connected contributions will add quite more complica-
tion, but not new essentially different effects.
Following Coleman [9], we shall describe the theory in
this section in terms of a Hamiltonian density in Min-
kowski space rather than a Lagrange density in Euclide-
an space. Then
H=H (P)+gH;(P)A; (4.1)
where Ho is a local function of the background scalar
fields P and their derivatives, while the H~ 's form a
linearly independent set of Hermitian functions depend-
ing on the same arguments as Ho, but having an essen-
tially nonlocal character, as it will be shown in what fol-
lows. The A; 's are the Hermitian baby-universe opera-
tors discussed in Sec. III, i.e.,
=a +aI (4.2)
=fdP(c e ' +c c+cc +c e ' ), (4.3)
where the measure is typically given by dP
=(d p/(2m. ) )5(p —m )8(po). Here, m denotes the in-
verse of the baby-universe characteristic proper radius,
and 0(po) = I for po )0, and 0(po ) =0, otherwise.
The commutation relations for the fields are derived
In Fock representation, a typical scale field operator
H~ (x), at spacelike position x, can be written in the form
H; (x)=P;(x)P, (x)
from a local Lagrange density [9]. Hence, prior to any
interaction with wormholes which may topologically in-
duce some modification of the requirement of locality, the
fields involved should commute for spacelike separations.
This property is obviously satisfied by the free-field Ham-
iltonian Ho, and is preserved by the interaction terms H;
only for simply connected wormholes. The almost in-
stantaneous interaction process can be regarded as the
production of baby universes which take the scalar parti-
cles to the inner three-manifold away from the asymptot-
ic regions. Thus, a simply-connected wormhole will
preserve locality in the scalar field particle operators, as
in that manifold one point on the flat region is mapped
into one point on the inner three-manifold. The invari-
ance of the Hamiltonian under spacelike location will
therefore demand that if the fields commute for spacelike
separation on the asymptotic region, then the operators
H; will always commute for spacelike separations during
interaction with simply connected wormholes. This is
not guaranteed however for other wormhole topologies.
If the wormhole is doubly connected, one wormhole end
at xo will be topologically mapped into two spacelike
separated points on the inner wormhole three-manifold.
It follows that, although the locality demand on the
asymptotic region will still imply commutativity of the
operators Ho for spacelike separations, it will not
preserve the commutativity for the interaction operators
H; for spacelike separations which exactly match the
proper distance between the two disjoint three-manifold
components on the inner wormhole boundary. For the
doubly connected wormhole discussed in Sec. II, such a
proper distance is (2E)'~ . For this case, we have then
g [H;(x),H;(y)]=QD;(x —y)5(2E —(x —y) ), (4.4)
where the dependence of D; on x —y follows from the re-
quirement of invariance under spacelike translations, and
we have introduced just one type i of baby universe be-
cause of the identity of the two disjoint inner three-
manifolds.
The 5 function in (4.4) has been introduced to account
for the additional requirement that if (given that the com-
mutator ought to be invariant under changes of location
on the large space) two scalar particles are at any relative
proper distance other than (2E )'~2 on the inner
wormhole three-manifold, then at least one of these parti-
cles will be disconnected from the whole manifold. This
would obviously lead to a vanishing commutator. The 5
function satisfies, moreover, the required invariance un-
der spacelike translations as it depends only on relative
distances.
We shall evaluate now D;. We note that, except for
their respective spacelike positions x and y, the two
members of a baby-universe pair are otherwise identical.
Spacelike separation x —y wi11 fix furthermore a11 other
distinguishing characteristics shared by the two baby
universes in the pair. We can identify then the index i
with the spacelike separation between the two inner
three-surfaces of the wormhole and, since xo= —,'(x —y)
varies in a continuous fashion, the index i becomes con-
tinuous as well. This implies that the summation on i
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should be replaced by an integration over x0 and that in-
dex i can be dropped off from our formulas, i.e.,
A; A (x —y) A (x ). (4.5)
(4.6)
Taking then for our Lorentzian case rn =(R 0
—K) '~, (x —y) (0, we can perform the integrations
over p and x0. We obtain finally
f d xo[H (x),H (y)]=DO(c c+—,')sinh
8K
' 1/2
The part of (4.4) which is invariant under spacelike
translations will be then proportional to
i d x0 dPc c+—,' sin 2p x —y 62K —x —y
We see then that, whenever the interaction Hamiltonian
densities are nonlinear in the creation and annihilation
operators for baby universes [see Eqs. (4.1) and (4.2)], the
interaction operator for baby universes does not com-
mute with itself for nonzero spacelike separations equal
to (2K)' . This result will become crucial to induce a
breakdown of quantum coherence in the quantum fields
at low energy of the asymptotic region, and is connected
to the feature that the fundamental process which is tak-
ing place creates or annihilates baby universes two at a
time.
We shall simply sketch now the main arguments and
conclusions that follows form (4.8) and (4.11). They can
be readily understood when confronted to the detailed
analysis carried out by Coleman to get just the opposite
conclusion [9]. Because the A D 's are now noncommut-
ing Hermitian operators, and
xo=
—,
'(x —y), (4.7) Jdx [H, A ]%0, f dx [0, A c]%0, (4.12)
J d xo[H (x),H (y)]=DO(c c+—,' Ysinh 8K
0
1/2
(4.8)
Once we have obtained the commutator for the in-
teraction Hamiltonian terms H for spacelike separa-
tions, we shall consider the case of the total Hamiltonian
density given by (4.1). The demand of Lorentz invariance
of the perturbation theory will imply, according to Cole-
man [9], that the total Hamiltonian density H must com-
mute with itself for spacelike separations, and hence leads
to an overall demand of locality. It follows then that
in which D0 is a constant c number of order unity. Note
that this commutator will be zero only at the limit E~o,
i.e., when the wormhole becomes simply connected.
The commutation relation (4.7) can be generalized to
the case in which the interaction operators H are given
in terms of the field operators P as H ~ P ~ to read
(where 0 denotes any local operator) the space of the
baby-universe states will be different for every particular
operator A„(xo), and any state in the state space of
A„(xo) will not remain in the same state space under
time evolution, or under the action of a local operator.
This ultimately leads to an unavoidable loss of quantum
coherence which is induced by the fact that the baby
universes are produced or destroyed in pairs. The full ar-
gument can be straightforwardly generalized to any mul-
tiply connected wormhole configuration. Thus, since
such configurations should all contribute the full
wormhole quantum state, we may conclude that quantum
gravity induces a breakdown of predictability in the ob-
servable quantum-field sector at low energy of physical
theories. In particular, if, in the light of the above ideas,
we analyze the process of doing N separated identical ex-
periments discussed by Coleman [9], we obtain an outgo-
ing density matrix which is just the product of N one-
experiment density matrices.
Jd xo[H (x)A„(xo),H (y)A„(xo)]=0, (4.9) V. WORMHOLES AND QUANTUM MECHANICS
HI(y)H (x)[ A (xo), Ay (xo)]
=A„(x )A (x )[H (y), H (x)]%0,
and, hence, for (x —y) = 2K, —
[A„(x ), A (x )]%0.
(4.10)
(4.11)
where the subscripts x and y for A (xo) do not mean
explicit dependence on x and y, but express the distin-
guishing feature for a single baby universe in the pair that
the scalar fields interact just with one of the two disjoint
components on the inner wormhole three-boundary.
Nonlocality on that boundary is however preserved be-
cause the correlation between baby universes causes each
inner disjoint three-surface to know exactly what is going
on in the other.
Since the requirement of invariance under spacelike
translations in our Pock spaces implies that all operators
H must commute with all operators A, from (4.9) it
can be readily obtained that, for spacelike separations
equal to (2K)'
The main result in this work is that, if we allow contri-
butions from nonsimply connected wormholes to the to-
pology of spacetime, there will be an irretrievable loss of
quantum coherence in any physical theory aimed at
describing the evolution of quantum fields at low energy.
However, the loss of quantum coherence induced by sim-
ply connected wormholes which was advocated by Hawk-
ing does not take place. It is also obtained that the quan-
turn state of wormholes as defined in terms of a path in-
tegral must necessarily contain contributions from multi-
ply connected wormholes configurations; i.e., it ought to
be given as a density matrix rather than a wave function.
The reason why one has a loss of quantum coherence is
that, though the demand of causal locality on the asymp-
totic region is preserved for quantum fields interacting
with simply connected wormholes, it is not when the
wormholes have multiply connected topology.
As was pointed out in the Introduction, the successive
proposals for loss of quantum coherence prompted a lot
of opposition, both when it was assumed to be induced by
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gravitational horizons and when it was after associated
with wormholes. There seems to be some feeling that the
gravitationally induced loss of quantum coherence will
demolish the predictability still surviving in conventional
quan. turn mechanics which can be expressed by the uni-
tary evolution of the state vector according to the
Schrodinger equation. However, by simply requiring
some objective character for the state vector (meaning
that in the two-slits experiment, for instance, the objec-
tive rea)ity of the system actually consists of the particle
being partly at one slit and partly at the other slit, both
together in some complex linear combination), the state-
vector reduction commonly assumed to occur at quan-
tum measurement will actually imply a loss of the quan-
tum coherence of the system. Thus, it could well be that
a similar effect induced by wormholes (which we are so
afraid of) was already implicitly required by conventional
quantum mechanics as the missing essential ingredient to
explain the collapse of the wave function during measure-
ment. The price one should pay for reliving our fears this
way would be by somehow accepting Einstein's view [17]
that quantum mechanics is an incomplete theory, the
missing piece being some form of quantum gravity.
Actually, inspired by the ideas put forward recently by
Penrose [18], I am proposing here that the complete
quantum representation of any physical system is given
by a functional Q(q, q ), which in addition to the usual
quantum-mechanical variables q, depends on some
relevant wormhole variables q . Such a functional would
not be generally factorizable as a product Q(q )Q(q )
because of the existing interaction between the two sub-
systerns represented by the terms H A discussed in this
work.
This proposal can be motivated as follows. (i) The uni-
tary evolution of the state vector is deterministic and
preserves the linearity of quantum mechanics. The state
vector remains time symmetric during unitary evolution.
The gravitational sector for the state vector during uni-
tary evolution must correspond to simply connected
wormholes which are describable by a wave functional
and induced no loss of quantum coherence in the state
vector as they originate from a linear dynamics. These
wormholes preserve furthermore, local causality and time
symmetry, two characteristics which are required in the
unitary evolution of the matter state vector. The unob-
servability of this state would follow, moreover, from the
unobservable character of the wave function of
wormholes. (ii) The nonlinear quantum-mechanical evo-
lution corresponding to the reduction of the state vector
of matter required an associated wormhole state sector
able to induce the necessary loss of quantum coherence.
An observer would be aware of this loss through mea-
surement, and the reduction process should be nonlocal,
time asymmetric [18], and expressed in terms of real
probabilities rather than probability amplitudes. All of
these required characteristics are actually expected to be
induced by the wormhole state sector if this is given in
terms of an observable density matrix (note that the
violation of local causality actually implies time asyrn-
metry and must be induced by some nonlinear effect,
probably of the kind discussed in Sec. II).
Thus, at least apparently, everything seems to fit very
comfortably in this proposal. The main question arises
nevertheless from the above picture: %hat is the cause
by which one should suddenly replace simply connected
wormholes by multiply connected wormholes when some
measurement is being carried out on the system? Al-
though I do not know the answer, at this point it is
tempting to look at Wigner's view [19] where unitary
evolution holds until consciousness gets involved in the
physical system. Actually, only with the entry of the re-
sult of the measurement into somebody's consciousness
will the entire pyramid of successive quantum states ad-
vocated by the Copenhagen school collapse into concrete
reality [20]. Using the language of this paper, one would
say that simply-connected wormholes should be the only
topological fluctuations which may interact with rnatter
when only inanimate objects without consciousness can
influence the physical system, while multiply connected
wormholes have to be regarded as something related to
the distinguishing characteristics of a living being provid-
ed with consciousness. Of course, much work and
thought remain to be done in this direction.
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